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Abstract 
The aim of this paper is to present a novel statistical model based on multiple linear regression. Although the independent 
variables of most statistical methods for predicting sound absorption are the specific flow resistivity and material thickness, the 
model presented here considers alternative parameters: specific acoustic impedance, density and specific flow resistivity. First, 
some materials are tested in an impedance tube in order to obtain their acoustic characteristics. Second, macroscopic empirical 
models (The Delany-Bazley’s and Allard and Champoux models) were used to predict the sound absorption coefficient of 
distinct multilayered systems. Third, the statistical model proposed herein is developed and its accuracy verified.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
The performance of most sound absorption materials is usually available on the literature. In addition the number 
of products, which have a low noise level design, increases daily. Natural products (e.g. those made of recycled 
ones, vegetal fibers, etc.) are already available on the market for noise control applications. The physical properties 
of most of them have not been entirely determined. [1]. 
The main objective of this work is the characterization of multilayered systems using a statistical model based on 
linear multiple regression. The data for the statistical model were obtained through experimental tests. Besides, the 
results were compared to an empirical macroscopic model, named, Delany and Bazley [2], which considers only two 
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independent variables: flow resistivity and density, and to a mathematical model, named Allard and Champoux [3], 
which considers flow resistivity, porosity, tortuosity and characteristic lengths . 
1. Experimental Tests 
The experimental tests were made on two types of impedance tubes. The first was used to measure flow 
resistivity (Fig.1(a)) and the second one used to measure sound absorption and acoustic impedance (Fig. 1(b)).Five 
types of materials were used on the tests. For each one of them, three samples were tested and the results averaged, 
the standard deviation for each material were applied to the study. 
 
a 
 
 
 
 
b 
 
Fig. 1. (a) Experimental set-up for the measurement of flow resistivity of a porous material [3] (b)Set-up of the equipment used on the 
experimental tests using the impedance tube (transfer function method). 
1.1. Flow Resistivity 
The Ingard and Dear method, mentioned on Bies and Hansen [4], was used for the calculation of the airflow 
resistivity . Measurements of the levels of sound pressure were made positioning the microphones behind and in 
front of the samples in the impedance tube. The samples positions corresponded to an odd number of a quarter 
wavelengths. The sound pressure levels obtained before the samples, , and after the samples , were used in Eq. 
(1). It supplies the flow resistivity value, , for the material: 
                        (1) 
where is the sample thickness and ‘i’ is the distance between the ‘back’ side of the porous layer and the rigid 
termination. 
1.2. Absorption Coefficient 
Tests were performed using the impedance tube (see Fig.1(b)) with two different microphone positions, the 
transfer function method was considered on the tests. The main advantage of using this method is that the sound 
absorption and acoustic impedance parameters are obtained for all frequencies within the frequency range 
considered. The transfer function is simply the ratio of sound pressures on microphone positions 1 and 2. It is given 
by [5]: 
                       (2) 
where and  are the microphone positions,    is the wavenumber and  is the wave frequency. 
Rearranging the equation above, the complex pressure reflection factor  and the normal incidence absorption 
coefficient  are given by: 
                       (3) 
                          (4) 
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where   is the magnitude of the pressure reflection coefficient. In the test method considered [5], plane waves 
were generated in the tube using a broadband signal from a noise source. According to the method, the sound 
pressures were measured simultaneously at two spaced locations in the tube. The calculation of normal incidence 
absorption coefficients was done by processing an array of complex data from the measured transfer function .  
The frequency resolution was determined by the sampling rate of a digital frequency analysis. The frequency 
range considered was dependent not only on the diameter of the tube (60mm) but also on the spacing between the 
microphone positions. The frequency range considered herein was 100-3000Hz. 
     Table 1. Description of the tested Materials. 
 Material Type Thickness   
Material 1 Polyurethane foam 29 40,2 
Material 2 Polyethylene foam 42 25,12 
Material 3 Cork 3 359,57 
Material 4 Polyurethane foam 19 30,15 
Material 5 Coir 22 129,84 
 
a  b  c  d  e  
Fig. 2. Samples 1 used on the experimental tests: (a) material 1; (b) material 2; (c) material 3; (d) material 4; (e) material 5. 
2. Empirical and mathematical models 
Delany and Bazley [2] developed the first macroscopic empirical method. Their experiments with fibers brought 
relationships involving flow resistivity, impedance and propagation wavenumber. By testing samples of porous 
materials, they obtained curves that, after be adjusted, gives information to characteristic impedance and 
propagation wavenumber [2]: 
        (5) 
     
    (6) 
where   and  is the density of the air,  is the sound speed in the air, is the angular frequency 
and is the airflow resistivity, is the wave frequency.  
The Allard and Champoux’s model is a mathematical model that [3] allows the calculation of the characteristic 
impedance and propagation wavenumber by considering the microscopic propagation within the pores, which is 
given by the following material properties: flow resistivity, porosity, tortuosity and characteristic lengths. This is a 
simple phenomenological model that considers the absorber frame to be rigid [3]. The effective density of the 
porous material is given by: 
      

                                                                                                         (7) 
where is the tortuosity,  is the viscosity and  is the characteristic lenght. 
The effective or dynamic bulk modulus of the air in the material is given by: 
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  
  

 
                                                                                                                (8) 
where is the ratio of the specific heat capacities (1,4),  is the atmospheric pressure and  is the Prandtl 
number (0,77). 
The characteristic impedance is given by: 
                                                                                                                                                          (9) 
The propagation of sound in porous systems, as multilayered systems constituted by absorbent materials fixed on 
rigid surfaces, can be modeled by means of transfer matrix. On the multilayer simulations the impedance is a result 
of the recurrent application of the equation:  
    (10) 
where and    are the adjacent surfaces of the layers;  is the impedance on the boundary   ;  is 
the impedance on the boundary      and  is the component of complex wavenumber on i-layer. 
To get the absorption coefficient it necessary to establish the relation between the superficial impedance and the 
reflection factor : 
 

   
   
                                                                                                                                              (11) 
The theoretical absorption coefficient, , is given by the same formula as described in Eq. (4), but now with the 
reflection factor from the theoretical models. 
3. Statistical Model 
A multiple linear regression was made to test the correlation between some of the parameters of the materials 
composed by the polyurethane foams (Materials 1 and 4), and also to get a statistical model which allows to obtain 
an approximate value of the absorption coefficient while the values of airflow resistivity, density and the real 
component of the specific impedance (resistance), with no need of experimental tests or theoretical prediction.  
To reach such result the arithmetic average of the absorption coefficients  was placed as the dependent 
variable and the airflow resistivity, density and resistance as independent variables. Three samples of the materials 1 
and 4 were used and systems I and II (see table 2). 
 With the data of the parameters cited above we used the Microsoft Office Excel 2007 to make the multiple linear 
regression, being the output of the program the Adjusted R Square, the P-value, the F-tests, among others that 
indicates how well our data fits a statistical model and coefficients that should be used to build the equation that 
express the relation between the used variables.     
4. Outcomes and Discussion 
The values on Fig. 3 are the average performance from the samples testing. The standard deviation for the 
measurements of materials 1, 2, 3, 4 and 5 are respectively: 1.77, 0.09, 0.03, 0.01, 0.04. 
It is important to highlight here that as Bies and Hansen mentioned the airflow resistivity of fibrous materials are 
usually on a range of 2.000 to 200,000 rayls/m, and for the type of foam with the range between 2,000 and 40,000 
rayls/m. 
Material 3 (cork) has such high values for its resistivity and density that it works more like a reflective material 
instead of been an absorptive one. It implies directly on lower absorption coefficients, as seen on Fig. 3, 0.5 is the 
greater value achieved when in frequencies closes to 3,000Hz. 
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On the other hand material 5 has its resistivity close to the foams, but a high density, although it did better results 
than the Material 3 its absorption coefficients are still low, about 0.5 for the range of frequency between 1,800 to 
2,000Hz and when close to 3,000Hz. 
The material 2 has a completely different structure from the other materials, it is not dense but it is stiffer, and 
this reflects on its high resistivity and such instable results for the absorption coefficient. 
 
Fig. 3. Characterization of each material from the average of three samples. 
Table 2. Multi-layer systems. 
 Composition (last layer to the rigid backing) 
System I Material 1 + Material 4 
System II Material 4 + Material 1 
 
In Fig. 4 System I and II are demonstrated, although they are composed of the same materials, the chart shows 
the importance of the materials position. The System II has better joint performance, that is, when material 4 is the 
last layer and Material 1 is at the rigid backing, instead of the opposite (System I). 
The theoretical model for two-layers features more linear curves than when compared to the tested curves, more 
organic. But even though they do not match exactly, they present the same configuration and coinciding point, e.g. 
the higher values for the absorption coefficients on System I are near the frequency of 1,500Hz, and for the System 
II, near the frequency 1,000Hz. 
For System I The Delany and Bazley curve are similar to the experimental test to the frequency of 1500, while 
the Allard and Champoux’s one appears to be closer to the experimental test from the frequency of 1500. For 
System II the curve from Allard and Champoux appears to suit better.  
 
 
 
 
 
 
 
 
 
Fig. 4. Comparisons between System  I and II – experimental tests and theoretical models (Delany and Bazley and Allard and Champoux) for a 
two-layered system composition. 
The Adjusted Square is close to 1 (Table 4) what is a good indicator that our statistical model fits very well to 
the data. Using the coefficients on Table 5 the equation that represents the statistic model can be written as 
         (11) 
where‘’is the airflow resistivity, ‘’ the density and ‘’ the resistance. 
 
The data used on the multiple linear regression is presented on the Table 3: 
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Table 3. Multiple linear regression data using 3 samples for the Materials 1 and 4 and Systems I and II. 
 αa Density (kg/m³) Measured airflow resistivity (rayls/m) Measured resistance (Pa..s) 
Mat.1 Sample 1 0.40 41.10 5,335.00 0.36 
Mat.1 Sample 2 0.41 41.34 5,335.00 0.39 
Mat.1 Sample 3 0.40 38.17 5,335.00 0.39 
Mat.4 Sample 1 0.38 29.97 20,278.00 0.49 
Mat.4 Sample 2 0.39 30.16 20,278.00 0.46 
Mat.4 Sample 3 0.40 30.34 20,278.00 0.44 
 NRC Density (kg/m³) Measured airflow resistivity  (rayls/m) Measured resistance (Pa..s) 
SYSTEM I 0.60 36.23 11,249.94 1.02 
SYSTEM II 0.65 36.23 11,249.94 1.05 
Table 4. Regression statistics. 
Multiple R 0.99 
R Square 0.98 
Adjusted R Square 0.97 
Standard Error 0.02 
Observations 8.00 
Table 5. Regression statistics. 
 Coefficients Standard Error t Stat P-Value Lower 95% Upper 95% Lower 95.0% Upper 95.0% 
Intercept 0.13 0.32 0.39 0.72 -0.77 1.02 -0.77 1.02 
 3.63E-3 7.32E-3 0.49 0.65 -1.67E-2 2.39E-2 -1.67E-2 2.39E-2 
 -6.05E-07 5.02E-06 -0.12 0.91 -1.46E-05 1.33E-05 -1.45E-05 1.33E-05 
 0.36 0.02 15.14 1.10E-4 0.30 0.43 0.30 0.43 
 
4. Conclusion 
In all frequency range, the foams have better performance; natural materials as cork and coir must be better 
studied and characterized. Among the systems configurations considered herein, the application of the higher 
performance material on the multilayered system surface at which the incident sound waves hit has the greatest 
influence on the overall system performance. The proposed statistical model based on multiple linear regression 
enables the prediction of foams absorption coefficient since the independent variables are known. The results are 
very useful for researchers and developers who employ impedance prediction methods. 
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